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Purpose: To examine changes in screening mammogram interpreta-
tion as radiologists with and radiologists without fellow-
ship training in breast imaging gain clinical experience.
Materials and
Methods:
In an institutional review board—approved HIPAA-compli-
ant study, the performance of 231 radiologists who inter-
preted screen-film screening mammograms from 1996 to
2005 at 280 facilities that contribute data to the Breast
Cancer Surveillance Consortium was examined. Radiolo-
gists’ demographic data and clinical experience levels were
collected by means of a mailed survey. Mammograms were
grouped on the basis of how many years the interpreting
radiologist had been practicing mammography, and the
influence of increasing experience on performance was
examined separately for radiologists with and those with-
out fellowship training in breast imaging, taking into ac-
count case-mix and radiologist-level differences.
Results: A total of 1 599 610 mammograms were interpreted dur-
ing the study period. Performance for radiologists without
fellowship training improved most during their 1st 3 years
of clinical practice, when the odds of a false-positive read-
ing dropped 11%–15% per year (P  .015) with no associ-
ated decrease in sensitivity (P  .89). The number of
women recalled per breast cancer detected decreased
from 33 for radiologists in their 1st year of practice to 24
for radiologists with 3 years of experience to 19 for radiol-
ogists with 20 years of experience. Radiologists with fel-
lowship training in breast imaging experienced no learning
curve and reached desirable goals during their 1st year of
practice.
Conclusion: Radiologists’ interpretations of screening mammograms
improve during their first few years of practice and con-
tinue to improve throughout much of their careers. Addi-
tional residency training and targeted continuing medical
education may help reduce the number of work-ups of
benign lesions while maintaining high cancer detection
rates.
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Physicians begin practicing indepen-dently in their chosen field afterresidency training is completed, yet
little is known about how their clinical
skills develop over the course of their ca-
reers. The link between experience in
clinical practice and the quality of care
delivered has been a focus of some pro-
fessions such as surgery (1–3); however,
within other fields, including radiology,
learning curves have not been studied be-
yond their relation to the use of emerging
technologies (4).
Variability in radiologists’ interpretive
performance of mammography in the
United States has been extensively stud-
ied (5–11). Prior research has found that
radiologists with more years of experi-
ence in interpreting mammograms have
lower false-positive rates than their less
experienced counterparts, with inconsis-
tent effects on sensitivity (7–9,12,13).
However, these studies compared groups
of radiologists who had interpreted mam-
mograms for different periods of time
rather than studying changes within indi-
vidual radiologists as they proceeded
through their careers. Thus, these studies
are confounded by temporal changes in
medical education and practices, as well
as by inherent differences among radiol-
ogists who have chosen to remain in
mammography for many years compared
with those who have more recently en-
tered the field.
Our purpose was to evaluate changes
in screening mammogram interpretation
as radiologists with and radiologists with-




Our study includes data from seven mam-
mography registries in the National
Cancer Institute–funded Breast Can-
cer Surveillance Consortium (BCSC)
(14) (http://breastscreening.cancer
.gov). These registries link information
on women who undergo mammography
at a participating facility to regional can-
cer registries and pathology databases to
determine cancer outcomes. These can-
cer registries have been found to be at
least 94.3% complete (15). The survey is
described in Elmore et al (16). There
were 256 responding radiologists, but we
excluded 25 radiologists who interpreted
no screening mammograms during our
study period (from January 1, 1996, to
December 31, 2005) and one who did not
answer the question about years of expe-
rience. The final study sample included
231 radiologists from 280 facilities. Per-
formance measures for the 231 radiolo-
gists in our study were similar to the per-
formance measures for the 1073 radi-
ologists who interpreted screen-film
screening mammograms in the BCSC at
any time from January 1, 1996, to De-
cember 31, 2005—that is, the recall rate
was 9.5% in our study versus 9.4% in the
BCSC, the sensitivity was 82.4% versus
81.6%, the false-positive rate was 9.2
versus 9.1%, and the positive predictive
value of recall (PPV1) was 4.3% versus
4.3%. The BCSC Statistical Coordinating
Center pooled and linked data from the
registries and surveys for analysis.
The institutional review boards of all
participating sites approved this study.
Each BCSC registry, as well as the Statis-
tical Coordinating Center, also received
institutional review board approval, for
either active or passive consenting pro-
cesses or for a waiver of consent to enroll
women who underwent mammography
at BCSC sites, to link data, and to per-
form analytic studies. All procedures
complied with the Health Insurance Port-




AHRQ  Agency for Healthcare Research and Quality
BCSC  Breast Cancer Surveillance Consortium
BI-RADS  Breast Imaging Reporting and Data System
CAD  computer-aided detection
CI  confidence interval
OR  odds ratio
PPV1  positive predictive value of recall
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Advances in Knowledge
 Radiologists without fellowship
training in breast imaging signifi-
cantly improved in their interpre-
tation of screening mammograms
as they gained clinical experience,
especially during the 1st 3 years
after residency.
 Radiologists’ performance contin-
ued to improve, though to a lesser
extent, through 20 years of prac-
tice.
 For radiologists without fellow-
ship training, the number of
women recalled per breast cancer
detected dropped from 33 for ra-
diologists in their 1st year of prac-
tice to 24 for radiologists with 3
years of experience to 19 for radi-
ologists with 20 years of experi-
ence.
 Radiologists with fellowship train-
ing in breast imaging experienced
no learning curve once in clinical
practice and reached desirable
goals during their 1st year of
practice.
Implication for Patient Care
 Improving the accuracy of screen-
ing mammogram interpretation
for radiologists without fellowship
training in breast imaging would
benefit women by increasing de-
tection of breast cancers at an
earlier stage, when treatment is
most successful, and by reducing
the number of unnecessary work-
ups and biopsies that result in
both patient anxiety and in-
creased medical costs.
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ability and Accountability Act, and all reg-
istries and the Statistical Coordinating
Center received a Federal Certificate of
Confidentiality and other protection for
the identities of the women, physicians,
and facilities who were the subjects of this
research (17).
To assess performance, we included
screen-film screening mammograms in-
terpreted by a participating radiologist
at a BCSC facility during the study pe-
riod. To simplify the study design, digi-
tal mammograms were excluded be-
cause a separate learning curve could be
associated with the introduction of this
new technology. A screening mammo-
gram was defined as a bilateral mammo-
gram that the interpreting radiologist
indicated was for routine screening. To
avoid misclassifying diagnostic examina-
tions as screening examinations, we ex-
cluded mammograms obtained within 9
months of a prior breast imaging exam-
ination. We excluded mammograms ob-
tained in women with breast augmenta-
tion, women with a history of breast
cancer, and women younger than 18
years.
Measurements
The radiologist survey included questions
about demographic characteristics (age
and sex), experience (years of mammo-
graphic interpretation [not including res-
idency training], fellowship training in
breast imaging, the volume of mammo-
grams that were interpreted indepen-
dently and the number that were double
read, and the percentage of time working
in breast imaging in the prior year), and
clinical practice characteristics in the
prior year (affiliation with an academic
medical center).
We defined the year each radiologist
started interpreting mammograms by
subtracting the total number of years they
self-reported having interpreted mammo-
grams from the year they completed the
survey. If this calculated start year pre-
ceded the year they reported graduating
from residency, we used the graduation
year as their start year (n  16). If the
date when they started interpreting mam-
mograms at a BCSC facility after July 1 of
the year they graduated from residency
was within 15 months of July 1 of their
self-reported start year, we used the date
they started interpreting mammograms
at a BCSC facility as their start date (n 
43). Otherwise, we assumed that they
started interpreting mammograms on
July 1 of their start year (n  188), the
day after physicians usually finish their
residency. From this start date, we calcu-
lated the interpreting radiologist’s years
of experience for each screening mam-
mogram they interpreted in the BCSC da-
tabase.
Information on patient and mammo-
gram characteristics collected at the time
of mammography included patient age,
mammographic breast density, time since
last mammographic examination, avail-
ability of comparison films, and whether
computer-aided detection (CAD) was
used. Mammographic breast density was
characterized by using the Breast Imaging
Reporting and Data System (BI-RADS)
(18) categories: almost entirely fat, scat-
tered fibroglandular densities, heteroge-
neously dense, or extremely dense.
Mammograms were classified as
positive or negative by using standard
BCSC definitions (19) on the basis of the
initial BI-RADS assessment and recom-
mendations (18) assigned by the radiol-
ogist. Women were considered to have
breast cancer if a diagnosis of invasive
carcinoma or ductal carcinoma in situ
occurred within 1 year of the mammo-
gram and prior to the next screening
mammogram.
The recall rate was defined as the per-
centage of mammograms with a positive
assessment, sensitivity was defined as the
percentage of positive mammographic
studies among women with a breast can-
cer diagnosis, the false-positive rate was
defined as the percentage of positive
mammograms among women without a
breast cancer diagnosis, and PPV1 was
defined as the percentage of positive
mammograms that resulted in a breast
cancer diagnosis.
Statistical Analysis
We calculated descriptive statistics for
the radiologists and mammograms in-
cluded in the study. Population-averaged
performance measures were estimated
according to the interpreting radiologist’s
years of experience, separately for radi-
ologists with and those without fellowship
training in breast imaging (20,21). For
radiologists with fellowship training, we
were able to examine only their 1st 10
years of practice, given that fellowship
training in breast imaging has only been
available in more recent years. We calcu-
lated 95% confidence intervals (CIs) for
these performance measures on the basis
of the robust variances estimated from
logistic regression models fit by using gen-
eralized estimating equations with a
working independence correlation struc-
ture to account for correlation among
mammograms interpreted by the same
radiologist (22). We tested for trends in
the population-averaged performance
measures according to years of experi-
ence by using score tests from logistic
regression models fit by means of gener-
alized estimating equations, including
years of experience as a continuous vari-
able.
We examined the within-radiologist
effect of increasing years of experience on
the performance measures, separately
for radiologists with and those without
fellowship training in breast imaging, by
using multivariable conditional logistic re-
gression models that adjusted for patient
age, mammographic breast density, time
since last mammogram, whether compar-
ison films were available, and whether
CAD was used. This type of analysis uses
conditioning to remove the effects of any
heterogeneity between radiologists from
the likelihood function, including the ef-
fects of any covariates that vary solely
between radiologists, such as clinical
practice characteristics and registry site
(23). Thus, adjustment is needed only for
potential confounders that vary within ra-
diologists. For characteristics that vary
both within and between radiologists,
such as years of practice, the effects of
any between-radiologist differences are
also controlled for; therefore, estimated
odds ratios (ORs) correspond to within-
radiologist effects of increasing years of
practice.
The effect of increasing years of expe-
rience may depend on the number of
years already in practice. For example,
we might expect larger changes in perfor-
mance earlier in a radiologist’s career.
Therefore, we included an interaction
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term between increasing years of experi-
ence and 5-year experience groups. To
examine how performance changes dur-
ing the first few years of practice, we fur-
ther categorized the 1st 5 years of prac-
tice into 1-year experience groups. Statis-
tical analyses were performed by using
software (SAS, version 9.1; SAS Institute,
Cary, NC). All tests of statistical signifi-
cance were two-sided. An  level of .05
was used to determine statistical signifi-
cance.
Results
Ninety (39%) study radiologists had a
mean of less than 10 years of experience
interpreting mammograms, and 40
(20%) had a mean of 20 years or more.
The radiologists ranged in age from 33 to
84 years, 72.7% were male, and most
(90%) had no fellowship training in
breast imaging and worked in nonaca-
demic settings (Table 1). Radiologists
with fewer years of experience were
more likely to be younger, female, and
fellowship-trained in breast imaging. Only
28 (12%) of 231 of the radiologists re-
ported performing any double reading of
screening mammograms, and those who
double read reported double reading for
only a small percentage (5%) of studies.
Of 1 559 610 screening mammo-
grams obtained in 819 418 women, 7821
(5.0 per 1000) were associated with a
breast cancer diagnosis within 1 year
(Table 2). Most mammograms were ob-
tained in women 40–59 years of age
(59.6%) and in women who had under-
gone screening mammography in the
prior 2 years (82.6%). Only 6.1% of
women had never undergone mammog-
raphy, and 11.3% had undergone their
most recent screening examination more
than 3 years earlier. Most women had
scattered fibroglandular densities (45.5%)
or heterogeneously dense breast tissue
(37.8%). Comparison films were avail-
able for 84.4% of the mammograms, and
CAD was used for 20.4%. CAD use in-
creased over time, from no use in 1996 to
42% use in 2004.
Figure 1 illustrates how average perfor-
mance varied according to the interpreting
radiologist’s years of experience and com-
pared with the Agency for Healthcare Re-
search and Quality (AHRQ) desirable
goals for screening mammography
(18,24) for radiologists without fellow-
ship training in breast imaging. In Figure
1, different radiologists may have contrib-
uted data to different years of experience,
so any trends may be due to either be-
tween- or within-radiologist differences.
Radiologists without fellowship training in
breast imaging who had been practicing
longer were less likely to recall women for
further work-up (P  .001), had lower
false-positive rates (P  .001), and
tended to have higher PPV1 (P  .066).
Mean recall and false-positive rates for
radiologists with less than 1 year of expe-
Table 1




Years of Experience Interpreting Mammograms
1–4† 5–9‡ 10–14§ 15–19 20–24# 25
Total no. of radiologists 231 74 97 100 97 71 39
Age (y)
33–44 53 (22.9) 46 (62.2) 34 (35.1) 4 (4.0) 0 0 0
45–54 83 (35.9) 25 (33.8) 45 (46.4) 62 (62.0) 40 (41.2) 13 (18.3) 0
55–84 95 (41.1) 3 (4.1) 18 (18.6) 34 (34.0) 57 (58.8) 58 (81.7) 39 (100)
Sex
Male 168 (72.7) 44 (59.5) 65 (67.0) 72 (72.0) 72 (74.2) 62 (87.3) 37 (94.9)
Female 63 (27.3) 30 (40.5) 32 (33.0) 28 (28.0) 25 (25.8) 9 (12.7) 2 (5.1)
Fellowship training in breast imaging
No 214 (92.6) 62 (83.8) 84 (86.6) 95 (95.0) 95 (97.9) 71 (100) 39 (100)
Yes 17 (7.4) 12 (16.2) 13 (13.4) 5 (5.0) 2 (2.1) 0 0
Primary affiliation with academic medical center
No 206 (90.4) 64 (87.7) 84 (87.5) 90 (90.9) 88 (92.6) 66 (93.0) 35 (89.7)
Yes 22 (9.7) 9 (12.3) 12 (12.5) 9 (9.1) 7 (7.4) 5 (7.0) 4 (10.3)
Percentage of time working in breast imaging
20 58 (25.9) 14 (19.4) 22 (23.4) 31 (32.3) 28 (30.4) 20 (29.4) 8 (20.5)
20–39 59 (26.3) 23 (31.9) 29 (30.9) 20 (20.8) 19 (20.7) 12 (17.7) 8 (20.5)
40 107 (47.8) 35 (48.6) 43 (45.7) 45 (46.9) 45 (48.9) 36 (52.9) 23 (59.0)
Note.—Data are numbers of radiologists, with percentages in parentheses. Radiologists could contribute to more than one comparison group.
* No. of missing values  three (1.3%) for primary affiliation with academic medical center and seven (3.0%) for percentage of time working in breast imaging.
† No. of missing values  one (1.4%) for primary affiliation with academic medical center and two (2.7%) for percentage of time working in breast imaging.
‡ No. of missing values  one (1.0%) for primary affiliation with academic medical center and three (3.1%) for percentage of time working in breast imaging.
§ No. of missing values  one (1.0%) for primary affiliation with academic medical center and four (4.0%) for percentage of time working in breast imaging.
 No. of missing values  two (2.1%) for primary affiliation with academic medical center and five (5.2%) for percentage of time working in breast imaging.
# No. of missing values  three (4.2%) for percentage of time working in breast imaging.
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rience were significantly higher than the
AHRQ desirable goals (recall rate: P 
.001; false-positive rate: P  .005), and
PPV1 was significantly lower than the
AHRQ desirable goals (P  .006). Mean
recall and false-positive rates consistently
met the AHRQ desirable goals only for
radiologists with 19 or more years of ex-
perience. The average PPV1 fell within
the AHRQ desirable range only for those
radiologists with either 22 or 24 or more
years of experience. There were no sig-
nificant trends in sensitivity with increas-
ing years of experience (P  .15, test for
trend); however, sensitivity decreased
significantly below the AHRQ desirable
goals for radiologists having 20–22 years
of experience (P  .005 in all cases), and
(on the basis of a post hoc comparison)
radiologists with 19 or more years of ex-
perience had a lower chance of detecting
cancer than their counterparts with less
experience (P  .025). Assuming a rate of
five cancers per 1000 women screened,
the number of women recalled for every
breast cancer detected decreased from
33 for radiologists in their 1st year of
practice to 24 for radiologists with 3 years
of experience to 19 for radiologists with
20 years of experience.
Figure 2 shows how average perfor-
mance varied according to the interpret-
ing radiologist’s years of experience for
radiologists with fellowship training. Dur-
ing their 1st year of practice, fellowship-
trained radiologists met the AHRQ desir-
able goals for false-positive rate, sensitiv-
ity, and PPV1. There were no significant
trends in recall rate (P  .56), false-
positive rates (P  .58), or PPV1 (P 
.08) with increasing years of experience.
Sensitivity significantly increased with in-
creasing years of experience (P  .043,
test for trend). Sensitivity decreased be-
low 85%, though not significantly, for fel-
lowship-trained radiologists with 2–3
years of practice but increased again for
more experienced radiologists.
The largest improvement in the inter-
pretive performance of individual radiol-
ogists without fellowship training in
breast imaging occurred during the 1st 3
years of practice, when the odds of recall-
ing a patient without cancer for additional
work-up decreased by 11%–15% per
year (OR for 1 year vs 1 year  0.89
[95% CI: 0.82, 0.98], P  .015; OR for 2
years vs 1 year  0.85 [95% CI: 0.78,
0.93], P  .001), without a significant
change in sensitivity (P  .89 for 1 year vs
1 year, P  .95 for 2 years vs 1 year)
(Table 3). The false-positive rate contin-
ued to decline between 2 and 19 years
of practice, though this was only statis-
tically significant between 5 and 19
years of practice. Sensitivity signifi-
cantly improved from 2 to 3 years of
practice (P  .035) but significantly de-
creased again the following year (P 
.043). In contrast to the population-
averaged results, the within-radiologist
results showed that the false-positive
rates increased with continued years of
practice for those with 20 or more years
of experience, with a corresponding
nonsignificant improvement in sensitiv-
ity. The only significant change in PPV1
was an improvement between 15 and 19
years (P  .005).
We found no evidence of a learning
curve among radiologists with fellowship
training in breast imaging (Table 4). We
observed small and nonsignificant changes
in false-positive rates during the 1st 5
years of practice. Larger but highly
variable differences were noted for
sensitivity, with no significant changes
in PPV1. The false-positive rate in-
creased significantly between years 5
and 9 (OR  1.63 [95% CI: 1.38,
1.92]) without evidence of a corre-
sponding change in sensitivity or PPV1.
Discussion
Radiologists without fellowship training in
breast imaging significantly improved in
their interpretation of screening mammo-
Table 2
Patient Characteristics for 1 559 610 Screening Mammograms Included in Study
Patient Characteristic All Mammograms Without Cancer* With Cancer†
Total no. of mammograms‡ 1 559 610 (100) 1 551 789 (99.5) 7821 (0.5)
Age (y)
18–39 67 413 (4.3) 67 274 (4.3) 139 (1.8)
40–49 460 825 (29.5) 459 403 (29.6) 1422 (18.2)
50–59 468 610 (30.0) 466 436 (30.1) 2174 (27.8)
60–69 293 237 (18.8) 291 349 (18.8) 1888 (24.1)
70 269 525 (17.3) 267 327 (17.2) 2198 (28.1)
Time since last mammographic examination
1 year 27 321 (1.9) 27 130 (1.9) 191 (2.6)
1–2 years 1 184 438 (80.8) 1 178 856 (80.8) 5582 (76.7)
3 years 165 574 (11.3) 164 504 (11.3) 1070 (14.7)
No previous examination 89 186 (6.1) 88 750 (6.1) 436 (6.0)
Breast density
Almost entirely fat 108 974 (9.3) 108 688 (9.3) 286 (5.2)
Scattered fibroglandular densities 534 457 (45.5) 532 094 (45.5) 2363 (42.6)
Heterogeneously dense 444 100 (37.8) 441 651 (37.7) 2449 (44.1)
Extremely dense 88 363 (7.5) 87 907 (7.5) 456 (8.2)
Comparison films available
Yes 1 096 786 (84.4) 1 091 856 (84.5) 4930 (78.1)
No 202 472 (15.6) 201 086 (15.6) 1386 (21.9)
Use of CAD
Yes 231 879 (20.4) 230 804 (20.4) 1075 (18.2)
No 905 594 (79.6) 900 760 (79.6) 4834 (81.8)
Note.—Data are numbers of mammograms, with percentages in parentheses. Within-column percentages are reported unless
otherwise noted.
* No. of missing values  92 549 (6.0%) for patient’s time since last mammographic examination, 381 449 (24.6%) for breast
density, 258 847 (16.7%) for comparison films available, and 420 225 (27.1%) for use of CAD.
† No. of missing values  542 (6.9%) for patient’s time since last mammographic examination, 2267 (29.0%) for breast
density, 1505 (19.2%) for comparison films available, and 1912 (24.5%) for use of CAD.
‡ Data in parentheses are within-row percentages.
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grams as they gained clinical experience
following residency, while radiologists
who received fellowship training in breast
imaging did not have this learning curve
in clinical practice. For radiologists with-
out fellowship training in breast imaging,
false-positive rates decreased sharply
within the 1st 3 years of clinical practice,
without evidence of an associated de-
crease in sensitivity. This suggests an im-
portant learning curve in screening mam-
mogram interpretation as radiologists
take several years to establish firmly
which mammographic findings do not re-
quire additional work-up. In contrast, ra-
diologists with fellowship training in
breast imaging met the AHRQ desirable
goals for screening mammography per-
formance in their 1st year of practice.
The additional training offered in breast
imaging fellowships may better prepare
radiologists for screening mammogram
interpretation than the standard training
offered to radiology residents. We note
that the AHRQ goals were intended for
highly skilled experts in mammography,
not community-based general radiolo-
gists. Currently, standards for mammo-
graphic interpretive performance do not
exist in the United States.
Our findings suggest that the current
educational system for radiologists who
do not undertake fellowship training in
breast imaging may lead to unnecessary
work-ups in women without cancer, with-
out gains in cancer detection. To improve
screening mammography, perhaps con-
tinuing medical education should be tai-
lored toward decreasing recall rates early
in a radiologist’s career or residency
training in this area should be improved.
Teaching screening mammography skills
to residents is difficult for many reasons.
Breast cancer is rare in a screening pop-
ulation (five cancers per 1000 women), so
residents may see only a handful of can-
cers during their short rotation of 3–4
months in breast imaging. Therefore,
Figure 1
Figure 1: Graphs show population-averaged performance of screening mammography (solid lines) and 95% CIs (dashed lines) for radiologists without fellowship
training in breast imaging according to the number of years radiologists had interpreted mammograms. Shaded areas  the AHRQ’s desirable goals for the performance
of interpretation of screening mammograms (18,24).
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training programs likely emphasize diag-
nostic mammography, where the cancer
detection rate is higher but cancers are
likely to be later stage cancers and may
appear more obvious on mammograms.
Thus, training in diagnostic mammogra-
phy provides more direct teaching in can-
cer detection but deemphasizes specific-
ity. In contrast, training in screening
mammography would provide a needed
emphasis on specificity, given that recall
rates are high in this setting. Training to
achieve high sensitivity at screening may
be provided by means of teaching confer-
ences where selected screening mammo-
grams with masked cancer statuses are
reviewed and at which the frequency of
screen-detected cancers can be quite
high.
Another challenge for residency pro-
grams is the difficulty of teaching screen-
ing skills in print format. Textbooks and
other print training materials show fairly
obvious masses and calcifications because
these mammographic findings are easy to
reproduce in print format. As medical
teaching progresses toward an electronic
format, teaching residents which subtle
mammography findings require recall and
which are likely to be benign will hope-
fully become easier.
Another approach to improve screen-
ing mammography performance for re-
cent residency graduates might be to
partner these radiologists with more ex-
perienced radiologists to review and dis-
cuss mammograms in patients whom
newer radiologists would like to recall. In
addition, radiologists should follow up or
receive feedback about the women they
recall for additional work-up so that they
know the final results (10,25).
Dedicated mammography courses
have been shown to improve mammo-
graphic interpretation (26). Unfortu-
nately, little research exists on which
educational interventions are most ef-
fective, and postgraduate courses typ-
Figure 2
Figure 2: Graphs show population-averaged performance of screening mammography (solid lines) and 95% CIs (dashed lines) for radiologists with fellowship train-
ing in breast imaging according to the number of years radiologists had interpreted mammograms. Shaded areas  the AHRQ’s desirable goals for the performance of
interpretation of screening mammograms (18,24).
BREAST IMAGING: The Learning Curve in Mammogram Interpretation Miglioretti et al
638 radiology.rsna.org ▪ Radiology: Volume 253: Number 3—December 2009
ically do not focus on screening mammo-
gram interpretation. A recent report by
the Macy Foundation (27) called the con-
tinuing medical education enterprise
“... fragmented, poorly regulated, and
uncoordinated” and “highly variable in
quality and poorly aligned with efforts to
improve quality and enhance health out-
comes.”
In terms of how performance changes
later in radiologists’ careers, we found
that false-positive rates continued to de-
cline, although more slowly, between 10
and 19 years of practice, which suggests
that radiologists’ ability to discern cancer-
ous from noncancerous lesions may be
continually refined. Perhaps these find-
ings are not surprising, given that the vast
majority of mammograms in the United
States are interpreted by general radiolo-
gists who interpret mammograms as a
small percentage of their practice (28). A
low annual volume may lengthen the
amount of time it takes to gain the expe-
rience necessary to accurately identify le-
sions that require additional work-up,
since breast cancer is a rare occurrence
in a screening population. The good news
is that we did not find evidence of a time
point over 25 years of clinical practice
when performance for individual radiolo-
gists began to decline. We found some
evidence that radiologists with 19 or
more years of experience had lower false-
positive rates at the expense of lower sen-
sitivity compared with their less-experi-
enced counterparts; however, these re-
sults are from our population-averaged
analysis and thus could be due to multiple
factors that vary between radiologists.
Our study underscores the need to
understand better how clinicians gain ex-
perience. Experience is multifaceted and
needs to be defined and measured reli-
ably and reproducibly. In our study, we
used years of practice in interpreting
mammograms as a measure of experi-
ence, but other factors may also increase
experience—for example, continuing
medical education, specialization in
breast imaging, or interpreting a high vol-
ume of mammograms. We found that
breast imaging fellowships remove the
postresidency learning curve. Future
studies should examine what aspects of
fellowship training improve mammo-
graphic interpretation and whether other
factors better prepare general radiolo-
gists for mammographic interpretation.
Our study had many strengths. We
examined the effects of increasing years
of breast imaging practice within individ-
ual radiologists, instead of comparing
groups of radiologists with different years
of experience. Another strength is that
we examined performance in clinical
practice, without having to rely on test
sets, which might not accurately reflect
clinical performance (29–31). Our de-
tailed clinical information for each patient
let us adjust radiologist performance
measures for differences in case mix, and
the statistical technique of conditional lo-
gistic regression controlled for any radiol-
ogist-level differences.
Among our study’s possible limita-
tions was that it was restricted to radiol-
ogists who participated in a mailed survey
and who answered a question about their
years of experience interpreting mammo-
grams; however, the survey response
rate was high, and the interpretive per-
formance of the participants was similar
to the performance of the entire BCSC
population during the same time period.
Second, we could not adjust for whether
Table 3
Evaluation of Various Performance Measures according to Radiologists’ Years of
Experience for Radiologists without Fellowship Training in Breast Imaging
Comparison False-Positive Rate Sensitivity PPV1
1 Year vs 1 year 0.89 (0.82, 0.98)* 0.92 (0.26, 3.21) 1.11 (0.68, 1.82)
2 Years vs 1 year 0.85 (0.78, 0.93)* 1.03 (0.34, 3.17) 1.05 (0.65, 1.68)
3 Years vs 2 years 0.92 (0.84, 1.00) 3.72 (1.10, 12.61)* 1.27 (0.82, 1.97)
4 Years vs 3 years 0.94 (0.86, 1.03) 0.29 (0.09, 0.96)* 0.90 (0.57, 1.40)
9 Years vs 5 years 0.89 (0.81, 0.97)* 2.00 (0.59, 6.80) 0.94 (0.61, 1.45)
14 Years vs 10 years 0.90 (0.84, 0.97)* 1.10 (0.50, 2.41) 0.74 (0.53, 1.02)
19 Years vs 15 years 0.89 (0.81, 0.97)* 1.13 (0.37, 3.49) 1.87 (1.21, 2.88)*
24 Years vs 20 years 1.43 (1.31, 1.55)* 1.84 (0.81, 4.18) 1.04 (0.72, 1.51)
25 years (5-year change) 1.23 (1.12, 1.35)* 1.16 (0.51, 2.64) 0.72 (0.48, 1.07)
Note.—Data are ORs, with 95% CIs in parentheses. The table shows the within-radiologist effect of a 1-year increase in years
of experience on performance during the 1st 5 years of practice and the within-radiologist effect of a 5-year increase in years
of experience on interpretive performance for each subsequent 5-year experience group. Radiologists could contribute to more
than one comparison group. Values are adjusted for patient age, time since last mammographic examination, availability of
comparison films, use of CAD, and BI-RADS breast density category.
* Statistically significant difference (P  .05).
Table 4
Evaluation of Various Performance Measures according to Radiologists’ Years of
Experience for Radiologists with Fellowship Training in Breast Imaging
Comparison False-Positive Rate Sensitivity PPV1
1 Year vs 1 year 0.90 (0.74, 1.09) 0.17 (0.02, 1.96) 0.95 (0.40, 2.30)
2 Years vs 1 year 1.09 (0.93, 1.28) 2.11 (0.45, 10.00) 0.87 (0.41, 1.84)
3 Years vs 2 years 1.11 (0.98, 1.25) 1.52 (0.35, 6.62) 1.05 (0.60, 1.83)
4 Years vs 3 years 1.08 (0.98, 1.19) 1.34 (0.41, 4.35) 1.06 (0.70, 1.60)
9 Years vs 5 years 1.63 (1.38, 1.92)* 1.10 (0.15, 8.06) 1.02 (0.53, 1.97)
Note.— Data are ORs, with 95% CIs in parentheses. The table shows the within-radiologist effect of a 1-year increase in years
of experience on interpretive performance during the 1st 5 years of practice and the within-radiologist effect of a 5-year
increase in years of experience on interpretive performance from years 5 to 9. Radiologists could contribute to more than one
comparison group. Values are adjusted for patient age, time since last mammographic examination, availability of comparison
films, use of CAD, and BI-RADS breast density category.
* Statistically significant difference (P  .05).
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double reading was performed, as we
lacked information at the mammogram
level; however, double reading was rare
among our study population. In addition,
we could not examine whether the learn-
ing curve depended on other factors, such
as annual interpretive volume, where the
radiologist trained, the type of feedback
provided, or continuing medical educa-
tion obtained. While CAD use increased
dramatically during the study time pe-
riod, we were able to adjust for any
changes in performance due to the use of
CAD in our analysis.
In summary, our study provides, to
our knowledge, the first evidence of a
learning curve in screening mammogram
interpretation among community radiolo-
gists without fellowship training in breast
imaging. This learning curve is steepest
during the 1st 3 years of clinical practice
but also appears to continue well into a
radiologist’s career. Educational interven-
tions, such as academic detailing and in-
teractive case-based continuing educa-
tion; system-level support, such as double
reading with consensus and arbitration;
and direct feedback on radiologists’ inter-
pretive performance through audit data
may be especially important during the
first few years of practice. Improving the
accuracy of screening mammogram inter-
pretation would benefit women and the
health care system by increasing detec-
tion of breast cancers at an earlier stage,
when treatment is most successful, and
by reducing the number of unnecessary
work-ups and biopsies that result in both
patient anxiety and increased medical
costs.
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